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ABSTRACT
We present a comprehensive study of the shape of dark matter (DM) halos in a sample of Milky
Way (MW) like galaxies in the TNG50 run of the IllustrisTNG project. Allowing for radially varying
shape parameters, we compute the minor-to-major axis ratio, s, and intermediate-to-major axis ratio,
q, for a sample of 25 such galaxies. We use different techniques to infer the galaxy shape including an
Enclosed Volume Iterative Method (EVIM) as well as a Local Shell Non Iterative Method (LSNIM).
The median and 16th-84th percentiles of these approaches are fairly close, with some differences in
their radial profiles. Consequently, observations taken at different radii may distinguish among them.
Our analysis suggests a typical oblate-triaxial shape for the DM halo with median T ' 0.24(0.35) for
EVIM(LSNIM). Using EVIM as the main shape finder algorithm, we group DM halos in 3 different
categories. Simple halos establish three principal axes whose ordering in magnitude does not change
with radius and whose orientations are almost fixed throughout the entirety of the halo. About 36%
of halos in our sample are in this category. Twisted halos experience some level of gradual rotations
between 50 to 100 degs throughout their radial profiles. About 36% of halos are in this class. Finally,
halos in the stretched class demonstrate a stretching in their principal axes lengths where the ordering
of different eigenvalues change with radius. Subsequently, the halo experiences a ‘rotation’ of ∼90 deg
where the stretch occurs. About 28% of halos are in this category. Visualizing the 3D ellipsoid of each
DM halo, for the first time, we report signs of a re-orienting ellipsoid in both of twisted and stretched
halos. We examine the impact of baryonic physics on the DM halo shape through a comparison to
dark matter only (DMO) simulations with no baryons. This suggests a triaxial (prolate) DM halo with
a median T = 0.64 (0.49) in EVIM(LSNIM). This points us to the picture that baryonic physics makes
DM halos less elongated. We analyze the impact of substructure on the DM halo shape and confirm
that it is subdominant. We study the distribution of satellites with masses above 107M and at the
distance of less than 200 kpc. Satellites in simple halos are in general closer to the center and are
more aligned with the central galaxy’s angular momentum. Satellites in twisted halo class, present a
bi-modal behavior in the distribution of their angle. Finally, satellites from stretched halos are farther
out from the center and are more misaligned. To conclude, we connect the above theoretical results
to observations presented in the literature. Overlaying the theoretical outcome with the observational
results establishes a fair agreement.
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1. INTRODUCTION
The morphologies of galaxies are affected by a num-
ber of dynamical mechanisms operating throughout the
history of galaxy evolution. Star formation, accretion
of gas, galaxy mergers and feedback from supermassive
black holes (SMBH) play an essential role in shaping
galaxies. Structural morphology of galaxies, in general,
can be assessed from the three-dimensional shape anal-
ysis. As the 3D shape of a galaxy describes the spatial
distribution of mass, it provides an exceptional descrip-
tion of galaxy morphology.
Observationally, several studies have measured the
shape of the dark matter (DM) halo of the Milky Way
(MW) galaxy where to infer the shape of the DM halo,
different tracers have been used such as the orbit of Sgr
dwarf (Ibata et al. 2001; Johnston et al. 2005), the ra-
dial velocities (Johnston et al. 2005) or the line of sight
velocities (Helmi 2004) of M giant candidates for model-
ing Sgr dwarf debris, kinematic of K dwarf (Garbari et
al. 2012), tidal stream from Palomar5 (Pal5) (Ku¨pper
et al. 2015) or the proper motion of globular clusters
(Posti & Helmi 2019). As pointed out below, each of
these techniques gives rise to slightly different results. It
is therefore beneficial to use high resolution cosmolog-
ical simulations, which cover all of the aforementioned
effects, to estimate the shape of halos and compare them
with different observational results.
There have been significant developments in the study
of galaxy morphology using high-resolution hydrody-
namical simulations such as AURIGA (Monachesi et
al. 2016; Grand et al. 2018; Hani et al. 2019), EAGLE
(Schaye et al. 2015; Crain et al. 2015; Trayford et al.
2019; Font et al. 2020; Santistevan et al. 2020), FIRE
(Garrison-Kimmel et al. 2018; El-Badry et al. 2018;
Orr et al. 2019; Sanderson et al. 2020) and NIHAO-
UHD (Buck et al. 2018, 2020). In addition, there have
been a number of such studies using the Illustris sim-
ulation (Vogelsberger et al. 2014a,b; Genel et al. 2014;
Sijacki et al. 2015) as well as the IllustrisTNG simula-
tions (Naiman et al. 2018; Pillepich et al. 2018; Springel
et al. 2018; Nelson et al. 2018; Marinacci et al. 2018;
Vogelsberger et al. 2020; Merritt et al. 2020). Thanks
to these modern simulations, we can produce realis-
tic galaxy populations with reliable data suitable for
our theoretical investigations. The shapes of elliptical
and spiral galaxies are well described with triaxial el-
lipsoids (Sandage et al. 1970; Lambas et al. 1992) with
three different axis lengths (a ≤ b ≤ c). From these
axis lengths we can read three broad geometrical types;
oblate (disky) galaxies have (c ' b > a), prolate (elon-
gated) galaxies are associated with (c > b ' a) and
spheroidal galaxies correspond to (a ' b ' c). Con-
ventionally, the shape of galaxies is described by the
following shape parameters: the minor-to-major axis
ratio, s ≡ a/c, as well as the intermediate-to-major
axis ratio, q ≡ b/c. In addition, using the above
shape parameters, one can infer the triaxiality param-
eter as T ≡ (1 − q2)/(1 − s2), to categorize the galaxy
shapes. Here T = 0(1) refers to a perfect oblate (pro-
late) spheroid. Conventionally, Schneider et al. (2012)
defines T ≤ 0.33 to indicate an oblate ellipsoid, while
T ≥ 0.66 implies a prolate ellipsoid. Finally, triaxial
ellipsoids are those in the range 0.33 ≤ T ≤ 0.66. Ob-
servational estimates (Ravindranath et al. 2006; van der
Wel et al. 2014; Zhang et al. 2019) indicate that galaxies
tend to be elongated at low stellar mass and high red-
shifts and are more disky at higher stellar mass and low
redshifts.
Theoretically, there have been many works trying to
estimate the shape of DM halo using different techniques
and simulations (Barnes & Efstathiou 1987; Dubinski
& Carlberg 1991; Warren et al. 1992; Dubinski 1994;
Eisenstein & Loeb 1995; Thomas et al. 1998; Prada et
al. 2019; Jing & Suto 2002; Springel et al. 2004; Allgood
et al. 2006; Tenneti et al. 2015; Butsky et al. 2016; Shao
et al. 2020). While these studies confirm the triaxial
nature of DM halos, their inferred shape slightly differs.
Almost all of these studies ignore the impact of
baryons in their shape estimation or just include adia-
batic hydrodynamics. The general consensus is that the
ratio of minor, a, to major axes, c, for DM halos, without
baryonic effects included, is about s = (a/c) = 0.5± 0.2
(see Springel et al. (2004) and references therein). Fur-
thermore, we may expect that the DM halo shape in
this case depends on the angular momentum of halo
mergers.
Including baryonic effects, such as gas cooling
(Kazantzidis et al. 2004) and star formation, is much
more demanding. It is believed that these effects would
“round up” the galaxies and make a transition from a
prolate halo to more oblate/spherical one. Kazantzidis
et al. (2004) showed that gas cooling leads to average
enhancement of principal axis ratios by an amount of
order ' (0.2− 0.4). There have also been several works
trying to model the potential and shape of MW halo,
in particular, by using stellar streams. For example,
Abadi et al. (2010) investigated the radial dependence
of halo shapes inside their hydrodynamic simulations
DM halo shape: MW like galaxies 3
and found s = (a/c) ∼ 0.85. On the other hand, Law &
Majewski (2010) estimated (a/c) ' 0.72 and b/c ' 0.99.
Another interesting quantity in this context is the align-
ment of the angular momentum of the galaxy with the
minor axis. Bailin & Steinmetz (2005) found a mean
misalignment of order ' 25 deg. Chua et al. (2019)
used the Illustris simulation and showed a median of
s ' 0.7 for halo masses M ≤ 1012.5M. Prada et
al. (2019) used AURIGA simulations to infer DM halo
shape and demonstrated that baryonic effects make DM
halos rounder at all radii as compared with dark matter
only (DMO) simulations (Zhu et al. 2016).
In this paper, we build on previous investigations and
use TNG50 (Pillepich et al. 2019; Nelson et al. 2019), a
very high resolution hydrodynamical simulation that si-
multaneously evolves dark and baryonic matter in a cos-
mological volume. We estimate the shape of DM halos
for a sample of 25 MW-like galaxies. We use two differ-
ent approaches in calculating the shape parameters. Our
main algorithm is based on the standard Enclosed Vol-
ume Iterative Method (EVIM). We also infer the shape
using a Local Shell Non-Iterative Method (LSNIM). We
compare the radial profile of shape parameters in these
approaches at the level of median and percentiles. We
classify halos in 3 different categories. Simple, twisted
and stretched halos present different features in the ra-
dial profile of their axes lengths as well as the level of
axes alignment between different radii. We make a com-
prehensive exploration of different halos and connect the
shape with different halo properties as well as the satel-
lites of the halo. To seek for the impact of the baryonic
effects, we study DMO simulations, with no baryons.
Finally, we study the connection of these theoretical re-
sults and some recent observations.
There are some studies (look for example at (Pandya
et al. 2019) and references in there). trying to use the
elongation of the low mass galaxies to shed light on the
cosmic web at the high redshifts
The paper is organized as follows. Sec. 2 reviews the
simulation setup. Sec. 3 presents different algorithms
in computing the DM halo shape. Sec. 4 focuses on the
shape analysis. Sec. 5 connects the halo shape with var-
ious halo properties. Sec. 6 discusses the main drivers
of the shape. Sec. 7 studies the connection with obser-
vations. Sec. 8 presents the summary of results. Some
of the technical details such as non-disky galaxies and
convergence check are left to Appendix A, B and C.
2. METHODOLOGY AND DEFINITIONS
2.1. TNG50 Simulation
TNG50, the third in the series of IllustrisTNG sim-
ulations, refers to the highest resolution realization
of large-scale hydrodynamical cosmological simulations
(Pillepich et al. 2019; Nelson et al. 2019) providing a re-
markable combination of volume and resolution as listed
in Table 1. As a hydrodynamical cosmological simula-
tion, it evolves gas, DM, SMBHs, stars and magnetic
fields within a periodic-boundary box. The softening
length is 0.39 comoving kpc/h for z ≥ 1 and 0.195 proper
kpc/h for z < 1.
Its initial conditions have been chosen from a set of 60
realizations of the initial random density field at z = 127
and using the Zeldovich approximation. The choice of
its cosmological parameters are based on Planck Col-
laboration et al. (2016) with the following parameters,
Ωm = Ωdm + Ωb = 0.3089, Ωb = 0.0486, ΩΛ = 0.6911,
H0 = 100hkms
−1Mpc−1, h = 0.6774, σ8 = 0.8159 and
ns = 0.9667. The above initial conditions have been
evolved using the AREPO code (Springel 2010) which
solves a set of coupled equations for the magnetohydro-
dynamics (MHD) and self-gravity. Poisson’s equations
for gravity are solved using a tree-particle-mesh algo-
rithm.
Models for unresolved astrophysical processes, such as
star formation, stellar feedback and SMBH formation,
growth and feedback used in TNG50 are the same as
the other IllustrisTNG simulations and are described in
detail in Weinberger et al. (2017); Pillepich et al. (2018).
2.2. Milky-Way like galaxies
Halos in TNG simulations are identified using a
friends-of-friends (FOF) group finder algorithm (Davis
et al. 1985). Furthermore, gravitationally self-bound
subhalos are determined based on the SUBFIND algo-
rithm (Springel et al. 2001; Dolag et al. 2009). Every
FOF has one central galaxy, the most massive sub-
halo, and a number of satellites. Here we limit our
study to central subhalos with masses in the range
(1−1.6)×1012M, which is the halo mass range appro-
priate to Milky Way like galaxies (Posti & Helmi 2019).
There are 71 galaxies in TNG50 within the above se-
lection criteria. Furthermore, below we add an extra
selection criterion and choose disk-like galaxies from the
above sample. This is motivated as according to the
observations of local Universe, it is manifest that mas-
sive star forming galaxies, such as MW galaxy, present
a disk-like shape (Schinnerer et al. 2013). As described
in the following, our selection is based on the orbital
circularity parameter.
Galaxies in the TNG simulation are split into
cases with dominant rotationally supported disks and
isotropic bulge-like shapes. Throughout this work, we
are mostly interested in the former case. In the follow-
ing, we describe an algorithm to identify rotationally
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Table 1. Physical parameters of TNG50 simulation. This includes simulation volume, box side length, number of gas and DM
particles, target baryon and DM mass and z = 0 Plummer (equivalent) gravitational softening of DM and stars.
Name Volume [(Mpc)3] Lbox[Mpc/h] NGAS NDM mbaryon [10
5M] mDM [105M] DM,stars [kpc/h]
TNG50 51.73 35 21603 21603 0.85 4.5 0.39→ 0.195
TNG50-Dark 51.73 35 − 21603 − 5.38 0.39→ 0.195
Figure 1. Probability density of orbital circularity parameter, ε, for a sample of 25 MW like galaxies in TNG50 simulation
labeled according to the disk-frac. Different colors describe various galaxies.
supported stellar components. Our formalism is based
on Abadi et al. (2003); El-Badry et al. (2018).
First, we calculate galaxy’s stellar net specific angular
momentum vector, jnet:
jnet ≡ Jtot
M
=
∑
imiri × vi∑
imi
, (1)
where the index i refers to star particles. Convention-
ally, the z axis is pointed to the jnet direction.
Next, for every star particle, we calculate the com-
ponent of its angular momentum along the z direction,
pointed to the direction of jnet:
jz,i = ji · zˆ , zˆ ≡ jnet|jnet| , ji = ri × vi, (2)
Finally, we define the orbital circularity parameter as
the ratio between jz,i and jc(Ei) (which is the specific
angular momentum of i-th star particle in a circular or-
bit, with radius rc, and with the same energy as Ei):
εi ≡ jz,i
jc(Ei)
, jc(Ei) = rcvc =
√
GM(≤ rc)rc. (3)
For every particle, we compute the radius of the circular
orbit by equating the particle’s energy with the specific
energy of a circular orbit E(rc) =
GM(≤rc)
2rc
+φ(rc) where
M(≤ rc) refers to the mass interior to the circular orbit.
φ(rc) refers to the radial profile of an averaged gravita-
tional potential for a collection of stars, gas, DM and
central BH in some radial bins within the galaxy. To
compute φ(rc) we divide the radial distance (from the
center) to many different bins and compute the averaged
total potential at every location.
Since the circular orbit has the largest angular mo-
mentum, we have |εi| ≤ 1 with positive/negative values
for prograde/retrograde orbits while εi = 0 for radial or
isotropic orbits, i.e. bulge-like components. We identify
the stellar disk as those star particles with εi ≥ 0.7,
where hereafter we remove indexed i for the brevity.
Furthermore, we limit our searches to cases with frac-
tion of stars in the disk (hereafter Disk-frac), defined
with ε ≥ 0.7, above 40% located in radial distance less
than 10 kpc from the center. This ensures us that we
have a reasonable fraction of stars in the disk. This
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criterion reduces the sample to 25 galaxies in TNG50.
Figure 1 presents the distribution of ε for the sample of
MW like galaxies. The dominant prograde orbit of stars
is evident from the figure. About 72% of these galaxies
have Disk-frac between 40-50 %, while 28% have Disk-
frac between 50-60 %. Since the distribution of orbital
circularity parameter has similar profile in our samples,
it is intriguing to see what the object-to-object variation
in Disk-frac will be for real galaxies. In order to facili-
tate the presentation of different galaxies, in Table 2 we
order subhalos and link their ID with a number from 1
to 25. Below we use these numbers instead of halo ID
number for brevity.
To get an idea about how different galaxies in our
sample look like, in Figure 2 we present the synthetic
images (using Pan-STARRS1 g,r,i filters) for a subset of
our sampled MW like galaxies. The images are taken
from the TNG50 Infinite Gallery1 at z = 0.05 and are
matched to our galaxy samples at z = 0 using merger
trees. Each image is generated using the SKIRT radia-
tive transfer code (Camps & Baes 2015) and includes the
impact of dust attenuation and scattering (Rodriguez-
Gomez et al. 2019). Text labels indicate the total stellar
mass as well as the 3D stellar half-mass radius.
Although from Figure 1 the distribution of orbital cir-
cularity parameter is fairly similar in all of the galaxies
in our sample, their synthetic images show clear mor-
phological differences. It is therefore intriguing to see
how does the shape of DM halo differs between these
samples.
Before we proceed with the analysis of DM halo
shapes, in Figure 3 we analyze the logarithm of 2D
projected (number) density of DM particles, in the x-
y plane, in a set of 4 MW like galaxies from our sample.
Our chosen halos are the same as those in Figure 2.
Each row presents one galaxy, with a given ID number,
and from the left to right we zoom-in further down to
the central part of the halo. As it is seen from the plot,
halo structures varies among different halos. Moreover,
in the second row, we see a ghost of a substructure that
was imperfectly subtracted from the central halo.
Below we compute the shape for the above sample
(of 25 MW like) galaxies using different techniques. We
start with presenting these methods in detail and then
infer the shape of dark matter halo accordingly.
3. DIFFERENT ALGORITHMS IN SHAPE
ANALYSIS
Having presented the orbital circularity parameter as
a key to identifying the rotationally supported MW-like
1 www.tng-project.org/explore/gallery/rodriguezgomez19b/
galaxies, we turn our attention to DM halo shape. There
are different approaches in the literature to computing
the galaxy shape (see e.g. Chua et al. 2019; Schneider
et al. 2012; Monachesi et al. 2019; Go´mez et al. 2017,
and references therein). Below we compute the DM halo
shape using different methods. While the main focus of
our analysis is on a generalization of Schneider et al.
(2012) method, in Section 3.2 we adopt the algorithm of
Monachesi et al. (2019) and analyze the shape using a
non-iterative local shell method. We make a comparison
between their final results. To facilitate the reference to
these methods, hereafter we name the former method,
i.e. enclosed-volume-iterative-method, as EVIM and the
latter one, local-shell-non-iterative-method, as LSNIM.
3.1. Enclosed Volume Iterative Method (EVIM)
Our main method for the shape analysis relies on the
standard algorithm presented in Schneider et al. (2012).
Given the triaxial nature of DM halos, we estimate the
shape using the axes ratios of a 3D ellipsoid.
We split the interval from risph = 2 kpc to r
e
sph = 202
kpc to N = 100 logarithmic radial bins and within each
radius, we compute the reduced inertia tensor:
Iij(≤ rsph) ≡
Npart∑
n=1
xn,ixn,j
R2n(rsph)
, i, j = 1, 2, 3. (4)
where Npart refers to the total number of DM par-
ticles interior to an ellipsoid with the axes lengths
(a(rsph), b(rsph), c(rsph)). Here, xn,i describes the i-th
coordinate of n-th particle. Furthermore, Rn(rsph) de-
notes the elliptical radius of n-th particle, defined in
terms of the halo axes lengths as:
R2n(rsph) ≡
x2n
a2(rsph)
+
y2n
b2(rsph)
+
z2n
c2(rsph)
, (5)
In this method, our shape computation is based on
an iterative approach partially owing to the fact
that the elliptical radius contains the axes length
(a(rsph), b(rsph), c(rsph)) which are unknown a priori.
We shall then determine them in few steps by using an
iterative method. At any radius, we iteratively compute
the reduced inertia tensor starting with all of particles
within a sphere of radius rsph. The eigenvalues and
eigenvectors of the diagonalized inertia tensor are then
used to deform the initial sphere/(from the second step
ellipsoid) while keeping the interior volume fixed. This
requires a rescaling of the inferred halo’s axes lengths
from a =
√
λ1, b =
√
λ2 and c =
√
λ3 to:
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Table 2. Link between the subhalo ID and the number of halo in MW galaxies.
1 7→ 476266 2 7→ 478216 3 7→ 479938 4 7→ 480802 5 7→ 485056
6 7→ 488530 7 7→ 494709 8 7→ 497557 9 7→ 501208 10 7→ 501725
11 7→ 502995 12 7→ 503437 13 7→ 505586 14 7→ 506720 15 7→ 509091
16 7→ 510585 17 7→ 511303 18 7→ 513845 19 7→ 519311 20 7→ 522983
21 7→ 523889 22 7→ 529365 23 7→ 530330 24 7→ 535410 25 7→ 538905
ID:476266,1 ID:478216,2
ID:509091,15 ID:523889,21
Figure 2. Synthetic images of a subset of our sampled MW like galaxies from TNG50 simulation. Images are generated from
SKIRT radiative transfer code and using Pan-STARRS1 g,r,i filters.
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Halo ID:476266
Halo ID:480802
Halo ID:511303
Halo ID:530330
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Figure 3. Logarithm of the projected number density of DM particles in a sub-sample of MW like galaxies. The halo ID is
mentioned on the top of each row. The color bars indicates the projected number density of DM particles.
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a =
rsph
(abc)1/3
√
λ1,
b =
rsph
(abc)1/3
√
λ2,
c =
rsph
(abc)1/3
√
λ3. (6)
where λi, (i = 1, 2, 3) refers to the eigenvalues of the
inertia tensor. Hereafter we skip showing the radial de-
pendence of a, b and c for brevity. Since the eigenvectors
of the inertia tensor give us the principal axes, we rotate
all of DM particles to the frame of principals as the coor-
dinate system defined with the basis vectors along with
the eigenvectors. The only thing to check is that they
present a right handed set of coordinates. At every step,
the halo shape is computed as the ratio of the minor to
major axes, s = a/c, and the ratio of the intermediate
to the major axes, q = b/c.
The iteration process is terminated when the resid-
ual of both of s and q converges to a level below
max(((s− sold)/s)2 , ((q − qold)/q)2) ≤ 10−3 where max
refers to the maximum between the two quantities. In
appendix B we present the algorithm in more details.
After the convergence is established, we also compute
the angle between the eigenvectors of the inertia tensor
and the total angular momentum of the disk.
3.2. Local Shell Non Iterative method (LSNIM)
Our second approach in computing the halo shape is
based on the algorithm of Monachesi et al. (2019). In
this method, the interval between risph = 2.0 kpc to
resph = 202 kpc is divided to 40 spherical shells and we
compute the shape at every shell. In addition, we use a
non-normalized inertia tensor:
Mij =
Nshell∑
n=1
xn,ixn,j , (7)
where Nshell presents the total number of particles (of
interest) within the shell. Finally, xn,i describes the i-th
component of the n-th particle. Since the particles are
considered in spherical shells and as the inertia tensor is
not weighted with the elliptical axes, the shape is com-
puted in one step and without any iterations. The above
inertia tensor is computed at every spherical shell, with
radius ri and ri+1 from the above interval, and is then
diagonalized to find the eigenvalues. In addition, since
the shells are not deformed, there is not any necessities
to rescale the eigenvalues and halo axes lengths are sim-
ply the square root of the eigenvalues. We shall empha-
size here that LSNIM is presented only as a comparison
and we take EVIM as our main approach throughout
the subsequent analysis.
4. SHAPE PROFILE ANALYSIS
Before we proceed with analysing individual halos us-
ing EVIM, we study the shape profiles at the level of the
median/percentiles.
4.1. Statistical shape analysis
Figure 4 presents the radial profile of the median and
16(84) percentiles of (s, q, T ) inferred from EVIM and
LSNIM. From the plot, we can infer several interesting
features.
• The radial profiles of s, q are rather smoothly
decreasing in LSNIM. However, their radial profiles
changes its behavior from the inner to the outer part of
the halo in EVIM. This occurs around the radius of 30
kpc.
• The situation is similar for the triaxiality parame-
ter in which while LSNIM predicts a rather smoothly
growing function, EVIM establishes a turn over behav-
ior from the inner to outer part of the halo, where again
the turn over occurs at the radii of about 30 kpc. Both
approaches suggest that the median of T is oblate but
it is allowed to be triaxial at one sigma.
• To make the comparison more robust, in Table 3
we present the median and 16th-84th percentiles of halo
shape parameters estimated using the above methods.
Here the median and percentiles are computed in two
steps. First we compute the radial profile of the median
(percentile) using all of galaxies in our sample and then
we compute the median (percentile) along the radial di-
rection and up to r ' 200 kpc. The results are rather
close to each other. This indicates that the statistical
behavior of these approaches are fairly similar.
Table 3. Median and 16(84)th percentiles of DM halo shape
parameters computed from EVIM (LSNIM).
Method s q T
EVIM 0.752+0.062−0.078 0.944
+0.022
−0.048 0.236
+0.307
−0.107
LSNIM 0.864+0.034−0.051 0.956
+0.022
−0.015 0.346
+0.227
−0.198
Although the median of shape parameters are fairly
close, it is essential to find the main reason behind the
differences seen in the radial profile of their median (per-
centiles) from EVIM (LSNIM) methods.
Generally speaking, these two approaches differ from
each other in two main ways; EVIM is based on an en-
closed method while LSNIM is local in shells. On the
other hand, while EVIM relies on an iterative process
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Figure 4. Comparison between the shape parameters s, q and triaxiality parameter T using the EVIM and LSNIM algorithms.
The sample is stacked over 25 TNG50 galaxies.
in inferring the shape parameters, LSNIM computes the
shape in spherical shells and without any iterations at
all. The question then would be which of the above
reasons are more fundamental in the implied shapes.
To address this question properly, we introduce another
method as performed in Chua et al. (2019). In short,
this method considers ellipsoidal shells and compute the
shape parameters iteratively. This method is thus situ-
ated between EVIM and LSNIM with being similar to
EVIM in terms of the iterative computation while close
to LSNIM in its local manner. Figure A1 of Chua et
al. (2019) presents the radial profile of the shape pa-
rameters using this local-iterative method as mentioned
above. From the plot, it is evident that there is a turn
over behavior in the radial profile of s and q which is
rather similar to what is being observed in EVIM. This
designates that the main difference between these ap-
proaches may be due to the lack of iteration in LSNIM.
That makes sense since during the computation of the
shape using EVIM, sometimes we needed to have quite
some iterations to find the best-fitted ellipsoid. Evi-
dently, from Figure 4, it can be seen that the median
of shape and triaxiality parameters get asymptotically
closer to each other in both approach at larger radii.
Having presented the statistical analysis of the halo
shapes, in the following subsection we study halos indi-
vidually.
4.2. Halo based shape analysis
As already mentioned in Section 3.2, our main algo-
rithm for the shape analysis is based on EVIM. Owing
to this, we skip presenting the details of the shape pro-
files for individual halos from LSNIM and only make the
comparison with EVIM at the level of the median and
percentiles.
Based on our shape analysis, we put DM halos in our
galaxy sample in three main categories: (i) Simple, (ii)
Twisted, and (iii) Stretched halos. Where halos belong
to different classes behave differently in terms of their
halo axes lengths as well as the halo orientation. Below
we introduce these categories and describe each of them
in some depth.
4.2.1. Simple Halos
We start with analyzing the simple halos in our galaxy
sample. Generally speaking, such halos have two main
properties; firstly, they have three well separated eigen-
values that the ordering in their magnitude does not
change with radius and secondly, the eigenvector associ-
ated with the smallest eigenvalue is almost entirely par-
allel to the total angular momentum with little change in
the angle. In addition, Other eigenvectors present rather
small directional variations as well. There are in total
9 halos in this category. In Appendix C.1, we present
the radial profile of the axes length, as well as the angles
of eigenvectors associated with the minimum(min), in-
termediate(inter) and maximum(max) eigenvectors with
different fixed vectors: L
‖
tot (the angular momentum of
the stellar component of the galaxy) and an arbitrary
orthogonal set iˆ, jˆ, kˆ, and finally also the shape param-
eters s, q for this group.
4.2.2. Twisted halos
As the second class of halos, here we analyze the
twisted halos. Halos belonging to this category show
some level of rotation in the radial profile of their eigen-
vectors. To demonstrate such rotation, we compute the
angle of min, inter and max eigenvectors with different
fixed vectors in 3D such as L
‖
tot, iˆ, jˆ and kˆ. Twisted ha-
los experience a gradual rotation of about 50-100 degs
in their radial profile. Furthermore, their axes lengths
get very close to each other, sometimes at the corner of
crossing, but not really getting stretched, as is described
below. There are 9 halos in this class. In appendix C.2
we summarize the radial profile of the axes lengths, dif-
ferent angles and shape profile of all of twisted halos.
4.2.3. Stretched halos
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Figure 5. The radial profile of the axes lengths, angle of min, inter and max eigenvectors with few fixed vectors, L
‖
tot, iˆ, jˆ and kˆ
and the shape parameters s, q for simple, twisted and stretched halos. Simple halo (first row) presents a small rotation. Twisted
halo (second row) shows some levels of gradual rotation. And stretched halo (third row) establishes a rotation of about 90 deg
when the axes lengths cross each other.
As the last class of halos, here we describe the
stretched halos. Generally speaking, halos belong to
this category experience a level of stretching in the ra-
dial profile of their axes lengths. Where two axes lengths
approach each other and one of them stretches and gets
larger than the other. Thanks to the orthogonality of
eigenvectors, such stretching can be easily seen from
changing the angle of min, inter and max eigenvectors
with different vectors such as L
‖
tot, iˆ, jˆ and kˆ by about
90 deg. Indeed, this criteria allows us to distinguish
between the twisted and stretched halos. In summary,
the crucial difference between the twisted and stretched
halos is that former ones, twisted halos, establish a grad-
ual changes in their angle while the latter one, stretched
halos, show more of an abrupt changes in their angles.
In our galaxy sample, we have 7 halos in this category.
In appendix C.3 we summarize the radial profile of the
axes lengths, different angles and shape profile of all of
twisted halos.
Before we proceed with further study of halo proper-
ties in different classes, we shall mention that, there are
two halos, halo 4 (ID: 480802) and halo 10 (ID: 501725),
which show both of a twist and stretching in their ra-
dial profiles at different radii. More explicitly, these ha-
los demonstrate both of a gradual and abrupt change
throughout their radial profile and when the principal
axis lengths cross each other, respectively. To avoid fur-
ther complexity of the presentation, however, we put
them in the category of stretched halos throughout our
following analysis.
Having introduced different classes of halos, in Fig-
ure 5 we present three cases, one from each category,
and compare the radial profile of the axes lengths, an-
gles with different vectors and their shape profiles. It
is evident that the level of rotation in the simple halo
is much less than the twisted and stretched halos. In
addition, while twisted halo, show some level of gradual
rotation throughout its radial profile, the stretched halo
demonstrates a rotation of about 90 deg when the axes
lengths cross each other.
4.3. 3D visualization of different halos:
Having specified different halo types in our galaxy
sample, here we aim to make a 3D visualization of their
ellipsoidal profiles. In Figures 6-8, we draw 3D ellipsoids
of simple, twisted and stretched halos at few different lo-
cations. To make each plot, we have ordered the eigen-
values and made a rotation from the principal frame to
the Cartesian coordinate using the eigenvectors of the
inertia tensor. In addition, at each plot, we also display
the 2D projection of 3D ellipsoid in the XY, YZ and XZ
planes. It is evident that while simple halo presents very
little rotation, the twisted and stretched halos establish
some level of rotation. In addition, while the twisted
halo presents a gradual rotation, the stretched halo es-
tablishes a larger rotation near the crossing of the axes
lengths.
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Figure 6. 3D Ellipsoidal for a Simple halo. The halo experiences a rather weak level of rotation throughout its radial profile.
5. HALO SHAPE AND GALAXY PROPERTIES
Having presented different halo types, below we make
the connection between the shape of halos and various
galaxy properties such as the galaxy stellar mass as well
as the halo formation time.
5.1. Shape vs central galaxy stellar mass
Here we study the possible connection between the
shape parameters and (central) galaxy stellar mass
(hereafter galaxy stellar mass), M∗. Table 4 presents
the Spearman correlation between the shape parameters
at r = 2r1/2,∗ and galaxy stellar mass, where we have
chosen a physical distance to draw a better connection
with the halo mass.
Before drawing any conclusions from the table, we
should point out that owing to the small sample of sim-
ple, twisted and stretched halos, care must be taken in
interpreting the statistical significance of these correla-
tions. To take it into consideration, below we not only
present the Spearman coefficient, Coeff, but we also re-
port the p-value for every correlation. Furthermore, we
name a correlation reliable if its p-value is less than 0.05.
Having this said, it is clearly seen that only the correla-
tion of q(T ) and M∗ for simple(twisted) halos are mean-
ingful with a positive correlation. The correlation of
T (q) and M∗ for simple(twisted) halos are at the bound-
ary of being reliable. However, the rest of correlations
are not statistically reliable with having larger values of
p-value.
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Figure 7. 3D Ellipsoidal for a twisted halo. The halo establishes some levels of gradual rotations in its radial profile.
In Figure 9, we find the correlation between 2r1/2,∗
and M∗. From the plot, it is evident that stretched
halos spans a narrower range of radii while simple and
twisted halos spread over a wider range of masses and
radii.
5.2. Shape vs (stellar) halo formation time
Below, we make a possible connection between the
shape parameters and the halo formation time (z1/2,∗);
defined as the time when the half of the galaxy stellar
mass is formed. Table 5 presents the Spearman corre-
lation between (s, q, T ) and z1/2,∗. As we already men-
tioned in the correlation of the shape parameters and
M∗, due to the limited sample of halos in each category,
Table 4. Spearman correlation between the shape parame-
ters (s, q, T ) located at r = 2r1/2,∗ and galaxy stellar mass,
M∗.
s q T
Simple: Coeff -0.1 0.77 -0.65
p-value 0.8 0.016 0.06
Twisted: Coeff -0.33 0.62 -0.75
p-value 0.38 0.08 0.02
Stretched: Coeff 0.46 -0.04 0.18
p-value 0.29 0.94 0.7
we care must be taken in drawing any meaningful con-
clusions of the real correlation. Owing to this, we also
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Figure 8. 3D Ellipsoidal for a Stretched halo. Very close to different crossings, the halo shows large levels of rotations in its
radial profile.
report the p-value while presenting the correlation. As
it turns out, the only meaningful correlation is between
T and z1/2,∗ in the stretched halos. However, we should
emphasis here that the sample of stretched halos is very
limited with only 5 halos. Being aware of this caveat, we
conclude that in our galaxy samples, shape parameters
do not seem to be correlated with the halo formation
time.
Finally, it is interesting to make a possible connection
between the halo mass and its formation time. Figure
10 presents the correlation between the galaxy stellar
mass as well as the halo formation time. While the
simple/twisted halos establish a positive correlation be-
tween M? and z1/2,∗, stretched halos seem to indicate a
rather flat correlation. Again we should keep in mind
that the sample of stretched halos are a bit limited.
Therefore care must be taken in drawing any strong
conclusions here. Being mindful of the statistical caveat
here, it might be that the nature of different halo types
are a bit different. This suggests us to use larger box of
TNG simulation and do the analysis for them as well.
This is however beyond the scope of this work and is left
to a future work. It is also interesting to make a connec-
tion between the halo shape and the merger trees. We
leave this investigation to a future work as well.
6. MAIN DRIVERS OF THE SHAPE
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Figure 9. Correlation between the halo mass and half mass radius. Stretched halos span a narrower range of radii while simple
and twisted halos spread over a wider range of masses and radii and they are a bit less compact.
Table 5. Spearman correlation between the shape parame-
ters (s, q, T ) located at r = 2r1/2,∗ and the stellar halo for-
mation time, z1/2,∗.
s q T
Simple: Coeff 0.18 -0.15 0.3
p-value 0.64 0.70 0.43
Twisted: Coeff 0.017 -0.39 0.23
p-value 0.97 0.29 0.54
Stretched: Coeff 0.62 -0.8 0.93
p-value 0.14 0.03 0.002
Having computed the shape of the DM halo in MW-
like galaxies, below we study the impact of a few differ-
ent drivers of the shape. Here we mainly focus on three
different drivers including baryonic effects, the impact
of substructures on halo morphology. More explicitly,
we shall find the connection between the angular mo-
mentum of satellites and the eigenvectors of the reduced
inertia tensor as well as jnet.
6.1. Baryonic Effects: DMO simulations
One possible driver of DM halo shape is baryonic ef-
fects. Since baryonic contributions are generally very
complex and hard to account for individually, to have
an appropriate consideration of their possible impacts,
we compute the shape of Dark Matter Only (DMO) sim-
ulations similar to Dubinski & Carlberg (1991); Warren
et al. (1992); Jeeson-Daniel et al. (2011); Schneider et
al. (2012). We then compare the final results with the
estimated shape from the full hydrodynamical simula-
tions.
We use TNG50-Dark and compute the shape of DMO
MW-like halos. To match the halos from TNG50 to
TNG50-Dark, we use the unique ID of dark matter par-
ticles. For every galaxy in our preselected sample, we
scan the halos in DMO and look for a halo with highest
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Figure 10. Correlation between the halo stellar mass and halo formation redshift. While both of simple and twisted halos
show some a positive correlation between M? and z1/2,∗, stretched halos establish a flat correlation.
fraction of matched DM particles. It is worth mention-
ing that TNG50 halos are less massive because of bary-
onic feedback processes, which eject some mass outside
of the halo. This does not occur in the DMO simulation
and thus halos in DMO are slightly more massive. To
take this into account, in our matching, we take the mass
range in TNG50-Dark to be slightly above the original
selection in TNG50 as we also have put a prior choice
on the range of halo mass to narrow down the interest-
ing mass range a little bit. Therefore the matched DMO
halos are found to be more massive; see Table 1 for more
details. In most cases, the fraction of matched particles
is more than 70%. In one case, though, 4th galaxy in the
above sample, the percentage of matched DM particles
was about 54%.
Before proceeding with the shape analysis, in Figure
11 we study the logarithm of the 2D projected (number)
density of DM particles, in (x-y) plane, in a sample of
4 DMO halos of MW-like galaxies under consideration.
Our chosen halos are associated with the matched cases
to those in Figure 3. Each row presents one galaxy,
with its given ID number, and from the left to right, we
zoom-in further down to the central part of the halo.
As expected, the halo structure varies for DMO case as
compared with the DM profiles presented in Figure 3.
Since these simulations are different by their nature, the
matched halos may experience different physics. For ex-
ample, the halo in the second row in Figure 3 is currently
experiencing a halo merger.
In Figure 12 we draw the correlation between s and
q at r = 0.1R200 for both of TNG50 (Cen:left) versus
TNG50-Dark (DMO:right). Where to distinguish be-
tween the central halo and FoF group that would be
added later, we explicitly mention Cen here. Overlaid
on the plots, are the scatter plot of the same quantities
in both cases. It is evident that on average, central halos
have larger values of s and q than DMO ones.
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Figure 11. Logarithm of the projected number density of DM particles in DMO run of MW like galaxies. The halo ID is
mentioned on the top of each row.
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Figure 13 presents the radial profiles of the median
and 16 (84) percentiles of (s, q, T ) for DMO simulations
inferred using EVIM and LSNIM. In contrast to the full-
hydrodynamical simulation, here both s and q have radi-
ally increasing profiles. Consequently, the radial profile
of the triaxiality parameter decreases in both approaches
though its actual value is larger in DMO compared with
the full-hydrodynamical simulations. In Table 6, we
present the median and 16 (84) percentiles of the shape
and triaxiality parameters. Comparing this with Table
3, it is evident that s and q are reduced while T is in-
creased (substantially) in DMO simulation (in EVIM).
Table 6. Median and 16(84) percentiles of DMO shape pa-
rameters computed from EVIM/LSNIM.
Method s q T
EVIM 0.571+0.063−0.053 0.764
+0.052
−0.123 0.635
+0.188
−0.103
LSNIM 0.789+0.042−0.049 0.912
+0.034
−0.075 0.488
+0.249
−0.199
Our results suggest that baryonic effects make DM
halos more oblate. On the contrary, DM halo looks more
prolate for DMO in both approaches at small radii and
gets more triaxial/oblate at larger radii. Furthermore,
T is larger in EVIM as compared with LSNIM.
In conclusion, baryonic effects play a crucial contribu-
tion in shaping the DM halo in MW like galaxies.
6.2. Impact of FoF group on galaxy morphology
So far we only studied the impact of central halos in
our analysis. Below we generalize our consideration and
analyze the impact of different substructures, by using
all particles associated with FoF groups in the shape
of DM halo. This means that we analyze all particles,
including the particles belonging to the central galaxy
as well as substructures in our computations.
First, we study the impact of including all FoF parti-
cles on the projected density diagram. In Figure 14 we
display the logarithm of the projected x-y (number) den-
sity profile for FoF group and a sub-sample of 4 galaxies
of interest. As expected there are many substructures
in the FoF. It is therefore intriguing how they could po-
tentially affect the shape of the DM halo.
Having presented the central, DMO and FOF group,
it is intriguing to compare their shape profiles. To facil-
itate the comparison, in Figures 15 and 16, we present
the Axes/r ratio and the shape parameters in all of the
above three cases. To make the plots easier to read, we
only show the results from our main algorithm, EVIM.
Figure 15 presents the Axes/r ratio for a case of 3
MW-like galaxies in our galaxy sample. In each row,
from left to right, we present Axes/r ratio for DM, FoF
group and DMO simulations. Comparing the left col-
umn with the middle one, it is evident that the impact of
substructures are sub-dominant in the inner part of the
halo. On the contrary, the radial profile of the Axes/r
ratio in DMO simulations look rather different.
Figure 16 shows the radial profile of the shape param-
eters s, q for a sample of 3 MW like galaxies from our
sample. Overlaid on every plot, we present the shape
for DM, FoF group and DMO simulations. The shape
profile of FoF group is fairly close to the case of DM
halo in the inner part of halo, up to 100 kpc. On the
contrary, DMO simulation predicts a somewhat smaller
value for the shape parameters.
6.3. Connection with Satellites
Having presented the Milky Way like galaxies as cen-
tral subhalos in every group, here we discuss the satel-
lites in individual groups. Satellite galaxies are associ-
ated with the subhalos which are themselves members of
their parent FoF halo. In IllustrisTNG simulations, sub-
halos are ordered in terms of their masses, with heaviest
member at the beginning of every group identified as the
central galaxy; while the rest are assigned as satellites.
We adopt a stellar mass cut, hereafter M?, in the mass
range M? ≥ 107M to ensure that we study subha-
los with more than ' 100 stellar particles taking into
account that the unit mass of baryons in TNG50 is
0.85× 105M. In addition, we restrict ourselves to dis-
tances less than 200 kpc.
In Figure 17, we present the number of satellites
within the above mass and distance range as a function
of their median distance from the halo center. While
simple and twisted satellites are in average closer to the
center, the median of distance in stretched halos are
larger. In addition, stretched halos have less satellites
compared with the simple and twisted halos.
In Figures 18-20 we study the 2D distribution of the
angle between the angular momentum of satellites and
the closest eigenvectors associated with the minimum-
maximum eigenvalues. In each plot, from left to right,
we draw the 2D distribution of all, simple, twisted and
stretched halos, respectively. While in simple halos, the
minimum is almost aligned with the satellites, and thus
inter and max almost perpendicular to the satellites,
twisted and stretched halos develop more non-trivial be-
havior. In the twisted class, there seems to be a bi-
modal distribution of angle where some of the satellites
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Figure 12. Correlation between s and q for different MW like galaxies at r = 0.1R200 for the central DM(left) and DMO(right)
simulations. Overlaid on the plots, are the scatter plot of s vs q.
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Figure 13. Comparison between the shape parameters s, q and T for DM halo in DMO computed from EVIM(LSNIM).
Overlaid on the plot is the median of the shape parameters from the hydrodynamical simulation (Hydro) as well.
are anti-aligned (with angles around 180 deg) while the
others are a bit misaligned. while in the stretched ha-
los, satellites and eigenvectors are more misaligned. We
have a little populations of satellites close to the center
that are coming from halos 4 and 10 that show a mixture
of the twist and stretching in their radial profiles.
Finally, in Figure 21 we study the 2D distribution of
the angle between the angular momentum of satellites
and jnet. From the left to right, we present all, simple,
twisted and stretched halos, respectively. Quite inter-
estingly, satellites in simple halos are more aligned with
the jnet than twisted/stretched cases. Twisted halos, on
the other hand, develop more complicated (bi-modal)
distribution. Where closer satellites are aligned with
jnet while more distant ones are misaligned. Finally,
satellites in stretched halos are further out and are mis-
aligned with jnet with the angle of about 60 deg. Again
there is a little population of halos closer to the center
and we checked that it comes from halos 4 and 10 that
show both of the stretching and twist in their profile.
In conclusion, the radial distribution of satellites as
well as their angular momentum are markedly different
in different halo types. It would be intriguing to find the
origin of such behaviors using the merger trees. This is
however beyond the scope of the current paper and is
left to future work.
7. CONNECTION TO OBSERVATIONS
Thus far we assessed the shape of DM halo in MW like
galaxies in TNG50 using different techniques. Below we
connect these theoretical outcomes to recent observa-
tional constraints on these shapes. Furthermore, since
the radial distribution of shape parameters are rather
different between different techniques, we may be able
to distinguish between them as well.
Observationally, one may indicate the shape of DM
halo without directly measuring this in MW galaxy. Be-
low, we use the observational constraints on the shape
of DM halos as provided in Bland-Hawthorn & Gerhard
(2016) and references therein.
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Figure 14. Logarithm of the projected number density of DM particles in FoF group. The halo ID is reported on the top of
each row.
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Figure 15. The ratio of axes lengths to the radius for a sub-sample of MW like galaxies in TNG50. From the left to right, we
present the Axes/r ratio for central DM (Cen), DM (FoF) and DMO runs of TNG50. While the calculation including all FoF
particles is fairly close to the case of the central halo only, DMO simulations look substantially different.
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Figure 16. Radial profile of shape parameters for a sub-sample of MW like galaxies in TNG50. From the left to right, we
present the radial profile of the shape in DM (Cen), FoF and DMO simulations.
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Figure 17. Number of Satellites with stellar mass greater
than 107M (and at the distance less than 200 kpc) vs the
median distance of the satellites in this mass range from the
center.
One possible way to determine the DM halo shape
in the MW is using the orbit of Sgr dwarf across the
sky. It was shown that the geometry of the stream
across the sky confirms an oblate to near spherical DM
halo (Ibata et al. 2001; Johnston et al. 2005). More
specifically, Johnston et al. (2005) used radial veloci-
ties of a sample of (few)-hundred M giant candidates
from Two Micron All Sky Survey (2MASS) catalog to
trace streams of tidal debris associated with Sagittar-
ius dwarf spheroidal galaxy (Sgr) which entirely encir-
cle MW Galaxy. They strongly favoured an iso-density
0.83 ≤ s ≤ 0.92 at the distance between 13-60 kpc and
ruled out s ≤ 0.7 and s ≥ 1.1 at 3σ. It is important
to note that while for triaxial halos, both of shape pa-
rameters s, q are by definition less than unity, in the
context of axisymmetric halos, where the density profile
is a function of r2 = (x2 + y2 + z2/q2), the flattening
parameter s can be smaller/larger than unity for the
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Figure 18. 2D distribution of the angle between the angular momentum of satellites (with masses above 107M and distance
less than 200 kpc) and eigenvectors associated with the minimum eigenvalues of the inertia tensor located at the closest distance
to individual satellites. Satellites of simple halos are in general closer to the center and are more aligned with the minimum
eigenvector. Twisted/Stretched halos show a bi-modal distribution of satellites.
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Figure 19. 2D distribution of the angle between the angular momentum of satellites (with masses above 107M and distance
less than 200 kpc) and eigenvectors associated with the intermediate eigenvalues of the inertia tensor located at the closest
distance to individual satellites. Satellites of simple halos are in general closer to the center and are almost orthogonal to the
intermediate eigenvector.
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Figure 20. 2D distribution of the angle between the angular momentum of satellites (with masses above 107M and distance
less than 200 kpc) and eigenvectors associated with the maximum eigenvalues of the inertia tensor located at the closest distance
to individual satellites. Satellites of simple halos are almost orthogonal to the maximum eigenvector.
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oblate/prolate halos. Below, we translate their flatten-
ing ratio associated with an axisymmetric profile from q
to our s.
Later, Helmi (2004) used line-of-sight velocities and
compared the kinematics of Johnston et al. (2005) M gi-
ant sample to the models of Sgr dwarf debris and showed
that a portion of mapped trailing stream is dynamically
young and thus does not imply a strong constraint of
the shape. On the other hand, the leading stream con-
sists of older debris and its dynamics provides a strong
indication towards a prolate halo shape with s = 5/3.
Kalberla et al. (2007) used data from Leiden-
Argentine-Bonn all sky 21-cm line survey and derived
the 3D HI density distribution for MW to constrain the
galactic mass distribution. They found a majority of
DM particles can be modeled using an isothermal disk
within r ≤ 40 kpc. Though the confirmation of DM disk
is a hint for an oblate shape, they showed that a halo
with a constant s does not quite match with the obser-
vations and that the halo shape should be progressively
prolate at larger distances.
Koposov et al. (2010) combined SDSS photometry,
USNO-B astrometry and SDSS/Calar Alto spectroscopy
and constructed an empirical 6D phase-space map of
GD-1 stream of stars located at 15 kpc from the galac-
tic center and is believed to be debris from a tidally
disrupted star cluster. Using an axisymmetric potential,
made of stellar disk and DM halo, they found sΦ ≥ 0.89,
at the Galactocentric radii near to 15 kpc; where sΦ
refers to the flattening in DM gravitational potential.
Garbari et al. (2012) used the kinematic and position
data for ∼ 2000 K dwarf stars located near the sun in a
distance less than 1.1 kpc from the galactic plane from
(Kuijken & Gilmore 1989) and determined the DM halo
density in the MW. They reported a mild tension with
the assumption of a spherical halo but consistent with
an oblate DM halo with s ≥ 0.7 or a local disc or a
spherical DM halo with larger normalization.
Ku¨pper et al. (2015) used the tidal streams from Palo-
mar5 (Pal5), the faintest and most extended, globu-
lar cluster in the MW. They estimated the DM halo
shape to be nearly spherical with a potential flatten-
ing sΦ = 0.95
+0.16
−0.12 at the heliocentric distance 23.6 kpc.
Using the proper motion of 75 globular clusters in Gaia
DR2, Posti & Helmi (2019) estimated the mass and axis
ratio of DM within r ≤ 20 kpc. They reported a pro-
lated DM halo with s = 1.3± 0.25. This rules out very
oblate DM halo with s < 0.8 and very prolated halo
with s > 1.9 at 3σ.
Figure 22 summarizes the above constraints on the
shape parameters of the DM halo. Overlaid on the plot
are the medians of EVIM and LSNIM for both of Cen
and DMO simulations. Although all of these studies
adopt an axisymmetric potential/density DM profile,
since we have a very mild triaxial halo, we may still
use these data in our comparisons. Consequently, we
expect that the agreement for s parameter should be
much better than q. Furthermore, we shall emphasize
that all of the y-axes are located at q = 1, the slight
displacement is for the clarity of the presentation. Out
results are comparable with most of these results. At a
first sight, it seems that Posti & Helmi (2019) is outside
the range of others. However, as we pointed out above,
Posti & Helmi (2019) do not rule out an oblate DM halo
with 0.8 ≤ s ≤ 1.05.
It would be very intriguing to generalize the obser-
vational measurements to the case of triaxial halos and
infer the shape of DM more precisely. This is however
completely beyond the scope of this paper and is left to
some future studies.
8. SUMMARY AND CONCLUSION
In this paper, we used the hydrodynamic simulation
of TNG50 and extracted a sample of 25 MW like galax-
ies identified using two different criteria. The first cri-
terion is that the DM halo is belong to a mass range
of 1012M to 1.6 × 1012M. The second is that the
disk-frac, defined as the fraction of number of stars with
orbital circularity parameter, ε ≥ 0.7, is above 40%. We
computed the radial profile of shape parameters (s, q)
for DM halo. We exploited two different approaches in
the shape analysis. In the first approach, we inferred the
halo shape using an enclosed volume iterative method,
EVIM. In the second approach, we computed the shape
using a local shell non-iterative method, LSNIM. The
median and 16(84) percentiles of these approaches are
fairly close, where LSNIM is sitting in slightly larger val-
ues in s and q compared to EVIM. Furthermore, in the
inner part of the halo, up to 30 kpc, q parameter from
EVIM shows an increasing profile while LSNIM presents
a diminishing profile. The radial profile of triaxiality pa-
rameter, T , is closer in these approaches, though in the
inner part of halo they are slightly different. In which,
EVIM develops a slightly decreasing triaxial profile up
to a radii of 30 kpc, while LSNIM establishes an increas-
ing profile.
According to our shape analysis, we put DM halos in
our galaxy sample to 3 main categories. Simple halos
develop well separated eigenvalues that never cross each
other. Furthermore, the eigenvector associated with the
minimum eigenvalue in these halos is almost entirely
parallel to jnet. There are in total 9 halos in this class.
Twisted halos establish some level of gradual rotation
throughout their radial profile. The level of reorienta-
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Figure 21. 2D distribution of the angle between the angular momentum of satellites and net specific angular momentum. We
have taken only satellites with masses above 107M and at the distance of less than 200 kpc. Different panels describe all of
the halos, simple, twisted and stretched halos, respectively.
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Figure 22. Different observational constraints on the shape parameters of the DM halo. Overlaid on the plot are the median
of s, q for both of the central (Cen) and DMO simulations analyzed by EVIM and LSNIM.
tion varies from one halo to the other but in general
the halo is reoriented in this radial profile. There are in
total 11 halos in this class of halos.
Stretched halos experience some levels of stretching in
their radial profile, where different eigenvalues cross each
other. Consequently, the angle of their corresponded
eigenvectors with different vectors varies by 90 deg at
the location of stretching, thanks to the orthogonality
of different eigenvectors. There are in total 5 different
halos in this category.
We drew 3D ellipsoids for each category and estab-
lished the rotation in the halo radial profile for each
part.
We studied the main drivers of the DM halo shape.
In this first study, we focused on three different drivers
including the baryonic effects, impact of substructures.
For the first driver, we computed the halo shape in
dark matter only (DMO) simulations. We measured a
smoother radial profile for (s, q) with a triaxial/prolate
halo shape. This means that baryonic effects tend to de-
crease the diskyness of halos. Remarkably, in DMO sim-
ulation, s and q are increasing with the radius. Accord-
ingly, T is decreasing for both approaches. Our analysis
showed that halos are more simple in DMO than the
full hydro-simulation. This is suggestive and indicates
that twisted/stretched halos may have some baryonic
reasons. Work is in progress to study these features in
more details.
We examined the effect of substructures in the shape.
Our analysis show that in most cases the impact of the
substructures in the shape are subdominant in the inner
part of the halo.
Furthermore, we also studied the location and an-
gular momentum of MW satellites in the mass range
M? ≥ 107M and at the distance less than 200 kpc. We
computed the radial profile of the angle between the an-
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gular momentum of satellites and min,inter, max eigen-
vectors. Our analysis show that the satellites of simple
halos are closer to the center and are more aligned with
their closest eigenvectors. Twisted halos, on the other
hand, establish some bi-modal behavior in the radial
profile of their angle. Finally, stretched halos are located
further out and they are in general more misaligned.
Finally, we connected our theoretical predictions for
shape parameters to some of the recent observational
studies. We overlaid our theoretical results on the top
of few well studied tracers such as stream of tidal debris,
GD-1 stream of stars, K dwarf stars and globular clus-
ters from Gaia DR2 and found a fairly good agreement.
In a companion paper, we aim to make a comprehen-
sive study of the remaining possible drivers in the halo
shapes.
Since the radial profile of the shape parameters are not
the same, we may hope that more detailed observations
at different radii distinguish between different methods.
For instance, it would be fascinating to use the spectro-
scopic data from Hectochelle in the Halo at High Res-
olution (H3) survey (Conroy et al. 2019) and compute
the radial dependence of the shape for DM halo.
Throughout this work, we only studied the shape of
the DM halo. Work is in progress where we generalize
this study to the case of Stellar halo and their possible
connection to that of DM shape as studied here.
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also be made public in the future.
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APPENDIX
A. NON-DISKY GALAXIES
As the main focused of this paper, so far we merely studied the disky MW like galaxies with more than 40% of stars
living in the disk, defined with ε ≥ 0.7. From Figure 1 we inferred a very similar distribution for the orbital circularity
parameter. In this appendix, we proceed further and study the distribution of the orbital circularity parameter for
a sub-sample of galaxies with less fraction of stars living in the disk. In Figure 23 we present the distribution of ε
for 4 galaxies with the mass similar to the MW galaxy. On the top of each plot, we labeled the Disk-frac. The plot
considers 4 different Disk-fracs: 8%, 11%, 15%, 20%.
Unlike the case of disky MW like galaxies with very similar distribution, here the distribution of ε varies a lot
between different galaxies. It will be interesting to compute the shape for these non-disky galaxies. This analysis is
however beyond the scope of this work and is left to a future study.
B. CONVERGENCE CHECK FOR SHAPE ANALYSIS
As already mentioned in Sec. 3.1, our first shape finder algorithm, EVIM, relies on an iterative approach in
which the algorithm is stopped after the shape parameters (s, q) are converged such that max(Ts, Tq) ≤ 10−3 where
Ts ≡ ((s− sold)/s)2 and Tq ≡ ((q − qold)/q)2 refer to the residual of the shape parameters (s, q). Here we describe in
more detail how the convergence is established in our approach. Furthermore, as a sanity check, we will also present
few examples with progressive reduction of the residuals from the above algorithm.
The convergence check in our shape finder algorithm proceed as follows. First, we leave the system for at least 12
iterations before proposing any convergence criteria. This allows the system to get stabilized since its first couple of
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Figure 23. Distribution of orbital circularity parameter for a sample of 4 galaxies with mass similar to MW galaxy. On the
top of each plot, we present the Disk-frac as a reference.
iterations are required to get deviated from the initially proposed spherical symmetry. Then, to make sure that the
convergence has truly established, we do not terminate the iteration once we get below the above threshold but allow
the system to proceed and wait for having at least 15 consecutive cases with the residual below 10−3. Since at every
iteration the spheroid is getting deformed, it may well happen that the system experiences some sudden jumps and
the residual increases from one iteration to the other. If that occurs, we will set the counter to zero and again seek for
15 consecutive cases below the above threshold. This is very ensuring condition and in most cases reduce the residual
substantially below 10−3.
C. HALO CLASSIFICATION
As already mentioned in the main text, based on our shape analysis, we can identify 3 different halo types; the
so called simple, twisted and stretched halos. Here we present the radial profile of the Axes/r ratio, the angle of
min-inter-max eigenvectors with different fixed vectors and the shape profile for all of 25 halos in our galaxy sample.
Furthermore, in order to have unambiguous association of angles at the initial point and avoid the possibility of
the exchange of angles from very small to close to 180, we propose that all of the angles are initially less than 90
deg. Depending on the halo type, some of these angles could grow and get bigger than 90 deg throughout their radial
profiles. This is done by simply making a mask over the angle associated with the initial location and apply this to
the entire radial profile of the angles.
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Figure 24. The radial profile of Axes/r, angles and shape parameters for the simple halos.
C.1. Profile of simple halos
We start with the simple halo case. We present the radial profile of Axes/r, angles and shape parameters for this
type in Figures 24 and 25. It is clearly seen that in these halos, the level of halo rotation is very minimal. There are
in total 9 halos in this category.
C.2. Profile of twisted halos
Next, we study the twisted halos. In Figures 26 and 27, we analyse the radial profile of Axes/r, angles and shape
parameters for this type. It is evident that halos in this category experience some gradual level of rotations from 50
to 100 degs in their radial profiles. There are in total 9 halos in this category.
C.3. Profile of stretched halos
Finally, we analyse the stretched halos. In Figure 28, we analyse the radial profile of Axes/r, angles and shape
parameters for this type. Halos in this category, experience one (or more) stretching where different eigenvalues cross
each other. Consequently, the halo experience a change of angle of order 90 deg at the location of stretching. There
are in total 7 halos in this class of halos.
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Figure 25. (Continued) The radial profile of Axes/r, angles and shape parameters for the simple halos.
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Figure 26. The radial profile of Axes/r, angles and shape parameters for the twisted halos.
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Figure 27. (Continued) The radial profile of Axes/r, angles and shape parameters for the twisted halos.
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Figure 28. The radial profile of Axes/r, angles and shape parameters for the stretched halos.
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